[1] The climatological thermospheric winds observed by the Shigaraki middle and upper atmosphere (MU) radar in East Asia are compared for the first time with simulation results from the National Center for Atmospheric Research Thermosphere-IonosphereElectrodynamics General Circulation Model (NCAR-TIEGCM). The comparisons show that the predicted meridional winds are in excellent agreement with the observations; their differences generally fall within 20 m/s except for the summer nighttime at high solar activity. A harmonic analysis of the observed and model meridional winds is carried out to extract the mean winds and the amplitudes and phases of diurnal, semidiurnal, and terdiurnal components. The model tidal waves are also in good agreement with the observed values except for the summer diurnal amplitude at high solar activity. Comparisons of the model electron densities with the radar observations suggest that the solar activity variation of the meridional winds can be mainly explained by the role of ion drag. Interestingly, the numerical simulations predict a feature not previously interpreted well: the diurnal amplitude and the mean wind depend nonlinearly on solar activity because the electron density saturates at high solar activity levels. It is further shown that both the observed and predicted diurnal phases remain almost stable at different solar activity levels, regardless of season.
Introduction
[2] Many efforts have been made to study the morphology of thermospheric neutral winds through ground-based ionsondes, incoherent scatter radars (ISR), Fabry-Perot interferometers (FPI), and in situ measurements, and also theoretical calculations [e.g., Roble, 1984, 1995; Buonsanto, 1990 Buonsanto, , 1991 Biondi et al., 1991 Biondi et al., , 1999 Hedin et al., 1994; Duboin and Lafeuille, 1992; Hagan, 1993; Fesen et al., 1995; Aruliah et al., 1996; Miller et al., 1997; Witasse et al., 1998; Buonsanto and Witasse, 1999; Igi et al., 1999; Kawamura et al., 2000; Fejer et al., 2002; Emmert et al., 2003; Luan et al., 2004; Liu et al., 2004] . These investigations have contributed much to our understanding of the upper thermosphere's response to time of day, season, latitude, and solar and geomagnetic activities. However, the detail of the climatological characteristics of the thermospheric winds, particularly regarding the solar activity issue [e.g., Hedin et al., 1994; Liu et al., 2004] , showed significant differences from study to study and station to station.
[3] The aim of the present paper is to examine the predicted neutral winds from National Center for Atmospheric Research Thermosphere-Ionosphere-Electrodynamics General Circulation Model (NCAR TIEGCM) against the middle and upper atmosphere (MU) radar observations during the 1986 -1996 period at Shigaraki (35°N, 136°E; 25.0 magN). Several studies have been conducted to compare the long-term wind measurements by ISR and/or FPI with those from general circulation models (GCMs) [e.g., Hedin et al., 1994; Hernandez and Roble, 1995; Fesen et al., 1995; Biondi et al., 1999] . However, further theoretical investigations of thermospheric winds over MU are important for several reasons as follows:
[4] 1. Various long-term wind data sets were analyzed and compared with GCMs, mainly in American or European sector while rarely in Asian sector. Investigation results have shown that the ionosphere and thermosphere behave differently in various longitude sectors [e.g., Su et al., 1996; Vichare and Richmond, 2005] . Moreover, the variations of meridional winds at Millstone Hill (42.6°N, 71.5°W) and St. Santin (44.6°N, 2.2°E) are different from those at MU [Kawamura et al., 2000] , which is located close to the northern crest of the equatorial anomaly in East Asia. Further theoretical/observational investigations will enrich our understanding of global thermospheric/ionospheric dynamical processes.
[5] 2. As is well known, the winds are primarily driven by pressure gradients generated by solar radiation and retarded mainly by ion drag. An overestimation of the ion drag term in model computations may result in the under-estimation of the diurnal amplitude of the meridional winds, and vice versa. Previous studies of thermospheric winds usually proposed that the differences between modeled and observed winds are associated with the underestimation or overestimation of the ion drag effect in the GCMs [e.g., Hedin et al., 1994; Biondi et al., 1999] . It is thus important to compare modeled electron density with observations to ensure that ion drag is properly represented in the model [Fesen et al., 1995] . The electron densities measured by the MU radar will help us address this issue.
[6] 3. To date, the solar activity dependence of thermosperic winds or their tidal components from different stations or data sets are far from consistent [e.g., Hedin et al., 1994] . With the aid of the TIEGCM, the investigation of solar activity variations in thermospheric winds will improve our understanding of the balance between ion drag and pressure gradient (or other momentum forces). Furthermore, Hedin et al. [1994] reported that the tidal components of thermospheric winds show a nonlinear dependence on solar activity. Emmert et al. [2003] also found a nonlinear dependence of winds on solar activity. Recently, on the basis of global ionosonde data from 39 stations from June 1954 to February 2004 also found that the diurnal amplitude of the equivalent winds nonlinearly decreases with increasing solar activity at most stations and in all seasons. This aspect of the solar activity dependence has yet to be interpreted by GCMs.
[7] 4. Last, previous studies of climatological neutral winds using NCAR GCMs [e.g., Hedin et al., 1994; Hernandez and Roble, 1995; Fesen et al., 1995; Biondi et al., 1999] were mainly based on the TGCM, TIGCM or the old version of TIEGCM. Recently, the TIEGCM has gone through many improvements. For example, tides from the Global Scale Wave Model (GSWM) [Hagan et al., 1999] are now included as perturbations of the lower boundary, and the updated solar flux parameterization of Solomon and Qian [2005] has been incorporated. Validation of this updated model against a large database is important for scientific research and space weather applications.
ISR Data and Model Descriptions
[8] The MU radar at Shigaraki, a 46.5-MHz, pulsemodulated, monostatic, doppler radar with an active phased-array antenna which consists of 475 Yagis, has made ionospheric measurements since 1986. This MST radar is also designed to observe the weak incoherent scatter (IS) from free electrons of the ionosphere. Measurements are made at four beam directions simultaneously. Since September 1986, the date of the first ionospheric drift measurement made with the MU radar, the MU ISR experiments have applied a 1-hour observation cycle with the first 15 min of each cycle devoted to single-pulse measurements (for electron density) and the last 45 min to two-pulse (for ion drift velocity) or four-pulse (for ion/electron temperature) measurements.
[9] The meridional winds used in this paper were analyzed by Kawamura et al. [2000] . The wind data during the 1986 -1996 period has been grouped into four seasonal bins of equal length centered on solstice and equinox days under low (F 10.7 Kawamura et al. [2000] for additional details on the sampling characteristics of each bin.
[10] The peak electron density, NmF2, and its height, hmF2, determined from the IS electron profiles during 1986 -2003 [Hagan et al., 1999] are incorporated into the model as perturbations to the lower boundary. The spatial grid is 5°latitude Â 5°longitude, ranging from À87.5°to +87.5°in latitude and from À180°t o +180°in longitude. The version used in this simulation has 29 pressure surfaces extending from 97 km to about 500 km at solar minimum (about 700 km at solar maximum) with a vertical resolution of two grid points per scale height and a model time step of 3 min.
[12] The O + -O collision frequency given by Banks [1966] was multiplied a Burnside factor of 1.3 on the basis of later measurements by Pesnell et al. [1993] ; this Burnside factor was also used in the calculation of meridional winds from the radar ion velocity by Kawamura et al. [2000] . Recently, Nicolls et al. [2006] found a Burnside factor 1.26 ± 0.02 from Arecibo ISR measurements and the ion energy budget, which supports the Burnside factor used in this work. However, it should be pointed out that the value of the Burnside factor is still under debate. Other parameters are required as inputs, including the cross polar cap potential, the hemispheric power, and the solar flux. The total hemispheric power of precipitating auroral electrons was 16 GW, and the cross-polar-cap potential was 45 kV to represent the geomagnetically quiet conditions [see Fesen et al., 2002] . The solar 10.7-cm radiation flux F 10.7 was 80 Â 10 À22 and 200 Â 10 À22 W m À2 Hz
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, standing for low and high solar activity, respectively. The specification of the electron heat flux at the upper boundary was described by Lei et al. [2007] .
[13] Simulations of the TIEGCM presented here are for 21 March, 21 June, and 21 December. Numerical experiments have shown that March and September simulations are indistinguishable if we do not specify artificially different boundary conditions at these two seasons. Therefore the ISR observations from spring and autumn are combined into one equinox season; only three seasons (equinox, summer, and winter) are considered in comparisons of data with TIEGCM predictions. Note that the equinoctial asymmetries in the thermosphere and ionosphere over MU have been studied by Balan et al. [1998] and Kawamura et al. [2002] . Recently, Balan et al. [2006] reported that the mean winds, tides, and waves in two equinoctial months (October 2000 and March 2001) show large differences in both the mesosphere-lower thermosphere and thermospheric F regions using the MU radar observations and also suggested that meridional winds in the upper thermosphere regions could be dynamically coupled. Given that the tides calculated by the GSWM are equinoctially symmetric and show some differences with those obtained from MU radar data [see Balan et al., 2006] , the equinoctial asymmetries of neutral winds will not be discussed in the present work.
[14] We should note that the radar meridional winds V m in the magnetic meridian plane are a combination of the southward (v) and eastward (u) neutral winds. MU winds are averaged over the altitude range of 220 -450 km using the height profile of the real part of autocorrelation function (ACF) as a weighting function. Since the real part of ACF has maximum value around the F-layer peak, the derived winds are highly weighted around about 300 km altitude [see Kawamura et al., 2000] . So, we will compare the MU winds with those predicted by the TIEGCM at the fixed height of 300 km. Accordingly, the predicted meridional winds at 300 km can be calculated from the horizontal neutral winds of the TIEGCM by
where d is the magnetic declination, about À5.7°at Shigaraki. Furthermore, harmonic analysis is performed on both the predicted and observed meridional winds V m using the linear least squares method similar to that of Kawamura et al. [2000] :
where V m,0 is the diurnal mean of V m , V m,n and t n are the amplitudes and phases of the tidal components, respectively; n is the wave number; and the diurnal frequency w = 2p/24. l(e) is the corresponding error term. Additional analysis indicates that l(e) is small (less than 20 m/s) without seasonal dependence (not shown). In this work, t n represents the local time when the corresponding tidal component reaches its southward (equatorward) maximum.
Results and Discussions
[15] In this section we initially examine the diurnal, seasonal, and solar activity variations of the observed meridional winds by the MU radar and compare them with the TIEGCM predictions. Then in section 3.2 we present the comparisons of the mean winds and tidal components of the model and observed winds; the seasonal and solar cycle dependences of these tidal components are also investigated. Next, the momentum forcing analysis and the comparisons of the model and observed electron densities are presented in section 3.3 in order to understand the temporal variations of the meridional winds and identify the possible sources of the discrepancies between the model winds and observations. Finally, the detailed solar activity dependence of the merdional winds is further studied in section 3.4.
Comparison With Observations
[16] Figure 1 shows a comparison of the observed meridional winds with those from the TIEGCM predictions during equinox, summer, and winter, respectively, for low (left) and high (right) solar activity. Note that southward winds are shown as positive. For low solar activity, the model and observations show remarkable agreement. The meridional winds blow northward in the daytime and southward at night. The diurnal variation of winds is characterized by bimodal behavior (''W''-like shape) in the day and unimodal behavior at night [Kawamura et al., 2000] . The daytime winds in equinox and winter reach their northward maxima at about 0800 LT and then turn more southward and reach their secondary maxima at 1500 -1800 LT; however, in winter the daytime bimodal behavior becomes somewhat weak. Slight differences between the predictions and observations can be seen in the transition time of the winds. The observations show that the morning transition time from southward to northward flow occurs at about 0600 LT regardless of season, but the transition time from northward to southward occurs at 1800, 1300, and 2000 LT in equinox, summer, and winter, respectively. The model can well reproduce the time of the wind reversal in summer and the morning transition time in equinox and winter, while it predicts the evening transition time about 1 hour later in equinox and winter. Accordingly, in equinox and winter, the duration of the northward winds given by the TIEGCM is a little longer than the observations indicate. We also can see that the model is successful in predicting the seasonal variation patterns. The daytime maximum winds (northward) are larger in winter, lower in summer, and intermediate in equinox, while the nighttime maximum winds (southward) are larger in summer and smaller in winter. The periods of the northward winds, on the other hand, are longer in winter and shorter in summer. The diurnal mean winds are thus more southward in summer than other seasons, as discussed later. Further, both the model and observations show that the magnitudes of the nighttime winds during summer and equinox are larger than those in the daytime, reflecting the effect of ion drag. This point is further quantified in section 3.3.
[17] The meridional winds for high solar activity, as illustrated in the right side of Figure 1 , show that some observed features characterizing the diurnal and seasonal variations of meridional winds are qualitatively similar to those under low solar activity, but their detailed variation pattern differs. The observations show that the daytime bimodal behavior becomes more pronounced in equinox and winter, and almost absent in summer; the nighttime winds exhibit a flat behavior instead of the unimodal shape seen at low solar activity. This observed pattern has been well captured by the model, though the agreement between the model and observed winds varies with local time and season. The model winds strikingly agree with the observations during the whole day in equinox and during daytime in winter, but they show considerable differences under summer nighttime conditions, which may primarily reflect some inaccuracies in specifying the ion drag term in the model, as discussed later. One should note from Figure 1 that the model winds show the same consistent solar activity dependence as the observations, with remarkably smaller wind speed (magnitude) at high solar activity than at low solar activity, except for the summer night near 2300 -0500 LT when the model winds show large differences from the observations.
Harmonic Decomposition
[18] Figure 2 presents the mean winds and amplitudes as well as phases for the first 3 order components of the meridional winds for low solar activity. The first 3 order components of the meridional winds are diurnal, semidiurnal, and terdiurnal tides corresponding with periods of 24, 12, and 8 hours, respectively. The harmonic results can reveal a number of seasonal variation features previously discussed. The mean winds from the observations are 7, 38, and À13 m/s in equinox, summer, and winter, respectively; corresponding values from the model are 1, 34, and À28 m/s. Both the data and model winds show that the diurnal mean winds are more southward (equatorward) in summer and more northward (poleward) in winter, associated with the expected thermospheric circulation from the summer to the winter hemisphere driven by heating at the subsolar point [Roble et al., 1977] . We should note that, relative to those observed, the model winds in winter are more northward by 15 m/s, while at St. Santin, Fesen et al. [1995] reported that the major differences between the ISR mean winds and the TIGCM (the older version of the TIEGCM) occur in summer when the model mean winds are more southward by 25 m/s.
[19] The diurnal amplitudes range from 74 to 80 m/s (with only slight seasonal differences), similar to those at Millstone Hill [Buonsanto and Witasse, 1999] but a little larger than those at St. Santin [Duboin and Lafeuille, 1992] . The model diurnal amplitudes are in good agreement with observations; they are 65, 74, and 64 m/s in equinox, summer, and winter, respectively. The agreement is better than that of previous comparisons by Hedin et al. [1994] of FPI, ISR, and ionsonde winds or Fesen et al. [1995] of ISR winds, in which the TIGCM diurnal amplitude in winter was 40% smaller than ISR-derived amplitudes at Millstone Hill and St. Santin. We also compared the TIEGCM winds with observations at Millstone Hill and St. Santin (not shown) and found that the model/data discrepancies reported by Fesen et al. [1995] are almost resolved. This is due to many improvements in the latest version of TIEGCM as described previously.
[20] The model diurnal phases occur near midnight, which is consistent with the observations; the observed phase in winter is a little earlier than other seasons. Examination of Figure 2 also shows that the model semidiurnal and terdiurnal components are in excellent or good agreement with the data. The observed semidiurnal amplitudes are 25, 27, and 16 m/s in equinox, summer, and winter, respectively; corresponding TIEGCM values are 31, 26, and 24 m/s, i.e., the model slightly overestimates in equinox and winter. The observations demonstrate that the terdiurnal amplitudes are about half of the semidiurnal amplitudes and are much smaller than the diurnal amplitudes. Therefore over MU, the mean winds, diurnal, and semidiurnal components are the main contributors to the meridional wind variations. Note that the predictions underestimate the terdiurnal components in all seasons. The model semidiurnal phases remain near 0200 LT, regardless of season, which is in good agreement with the observations except in winter. The agreement for the terdiurnal phase is excellent in winter but not as good in other seasons.
[21] In Figure 3 , we show the mean winds and amplitudes as well as phases for the first 3 order components of the meridional winds for the high solar activity case. The mean winds from the observations are 14, 37, and À18 m/s in equinox, summer, and winter; in the model they are 5, 49, and À31 m/s, respectively. Again, this is consistent with the expected summer-winter thermospheric circulation. Similar to the low solar activity case, the model predicts less southward winds in equinox and winter, but in this case it overestimates the southward mean winds in summer. Apparently, the solar activity variation of the mean winds depends on season, which is consistent with that found by Liu et al. [2004] . Overall, both the model and observed mean winds show little change with increasing solar activity except in summer, when the model predicts a slight increase with solar activity. The ionosonde winds at Boulder and the ISR winds at St. Santin show fairly weak trends of the Figure 2 . Comparisons of the mean wind and amplitudes (positive southward, left) and phases (right) of the tidal components of the meridional winds obtained from the MU ISR measurements (dotted lines) with those predicted by the TIEGCM (solid lines) under low solar activity. The wave numbers n = 0, 1, 2, and 3 corresponding the mean wind, diurnal, semidiurnal, and terdiurnal tidal components, respectively.
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LEI ET AL.: SIMULATIONS OF THERMOSPHERIC WINDS diurnal mean winds with solar activity, while the Millstone Hill ISR winds show a shift from strong southward (equatorward) to near zero or northward (poleward) winds with increasing solar activity [Hedin et al., 1994, and reference therein] . This suggests that the latitudinal variation of the solar activity dependence of the mean meridional winds needs further investigation.
[22] The predicted and measured first 3 order components of the meridional winds shown in Figure 3 are in striking agreement, except in summer when the model diurnal amplitude is 88 m/s, 75% larger than the observed value. In order to illustrate the solar activity dependence of the meridional winds directly, in Figure 4 we present a comparison of the mean winds and tidal amplitudes from the MU ISR data and TIEGCM simulations at both low and high solar activity conditions. As can be seen, the observed diurnal and semidiurnal amplitudes show a decreasing trend with solar activity, which may reflect the role of ion drag (see subsequent discussions). The model results capture well these salient features except for the diurnal component in summer. As for the phases at high solar activity (Figure 3) , the model predictions are in excellent agreement with the observations regardless of wave number. Further, the phases have no obvious seasonal variation. Looking at the results at low and high activities (Figures 2 and 3) , we can find that the diurnal phase is nearly stable under different solar activity levels.
Momentum Forcing
[23] Earlier studies suggested that the solar activity dependence of the meridional winds can be interpreted by examining the balance of pressure gradient and ion drag [e.g., Hedin et al., 1994; Buonsanto and Witasse, 1999; Kawamura et al., 2000; Liu et al., 2004] . We therefore analyzed the momentum forces from the TIEGCM. The momentum equation for meridional winds can be represented by
where v and u are the southward and eastward components of horizontal neutral winds; w = dz = dt is the ''vertical velocity''; W is the rotational angle velocity; m is the viscosity coefficient; r is the mass density of atmosphere; F is the geopotential; H is the pressure scale height; z is the pressure level; v i and u i are the southward and eastward components of E Â B horizontal trace velocity vectorṼ i ; l yy , l yx are ion drag coefficients [see Roble and Ridley, 1987] ; r, q are the distance from the Earth center and colatitude, respectively. Note that l yx is small above 150 km; accordingly, the term l yx (u i À u) in equation (3) is ignored in discussing the effect of ion drag. One should notice that equation (3) is given in geographic coordinates, whereas the measured winds are along the magnetic meridional direction; however, this should not affect the subsequent interpretation of the forcing term analysis since the magnetic declination at Shigaraki is small.
[24] The terms on the right-hand side of equation (3) represent the viscous term, Coriolis term, pressure gradient term, momentum advection, and ion drag term, respectively. We have conducted a term-by-term analysis of the TIEGCM momentum forcing similar to that of Killeen and Roble [1984] . Figure 5 indicates that at Shigaraki the magnitude of viscosity force, pressure gradient, Coriolis force, and ion drag during equinox are comparable at low solar activity, except for much larger pressure gradients during sunrise and sunset period, whereas ion drag is much larger than the other forcing terms at high solar activity. It is useful to compare the solar activity variation of the ion drag coefficient l yy with the other dominant momentum forcing terms to understand the corresponding variation of meridional winds, given that the solar activity variation of the net wind acceleration term @v/@t is small. We denote the sum of the viscous term, Coriolis term, pressure gradient, and momentum advection terms as F M (positive southward). Figure 6 shows the variations of F M and ion drag coefficient l yy at 300 km during equinox against local time under low (dotted lines) and high (solid lines) solar activity. It is clearly seen that F M is negative (northward) in the daytime and positive (southward) at night, which is consistent with the direction of the meridional winds (see Figure 1) . The magnitude of F M increases with solar activity, not only in the daytime but also at night. On the other hand, the ion drag coefficient l yy , which is directly proportional to the electron density, also increases with solar activity. As a whole, however, l yy shows a larger relative increase from solar minimum to solar maximum than F M does. Given that the solar activity variation of southward component v i of E Â B is very small (Figure 6, bottom) , the stronger increase of l yy than F M accounts for the decreased diurnal and semidiurnal amplitudes of the meridional winds with solar activity (Figures 4) . Therefore whether the TIEGCM realistically represents ion drag is a key issue in modeling the solar activity variation of neutral winds. As stated above, sometimes there are substantial differences between the model and observed winds, particularly in summer. Hence it is necessary to compare the model and observed electron density, which provides an indirect measurement of ion drag.
[25] The ionospheric F2 layer parameters, NmF2 and hmF2, observed by the MU radar are compared with the TIEGCM predictions under low (Figure 7 ) and high ( Figure 8 ) solar activity, enabling us to assess the differences between the model and observed winds shown in Figures 1 and 4 . Note that the electron density at the altitude of 300 km is probably not represented well by the model when the model-observed difference in NmF2 or hmF2 is large; neither is the ion drag coefficient l yy since it is proportional to the electron density. Therefore sometimes the predicted and observed winds can be different.
[26] For low solar activity, good agreement between the model NmF2 and hmF2 and the corresponding observations is clearly seen for three seasons; their differences generally fall within the range of the error bars (Figure 7) . The model and observed NmF2 in the daytime is much larger than that during the nighttime, and hence the ion drag should share a similar diurnal variation. It may largely explain why the speed of the nighttime winds during summer and equinox is larger than that in the daytime, as mentioned before (see Figure 1) . However, in winter the summer-winter circulation results in a higher meridional wind speed in the daytime, whereas it leads to a lower speed of the meridional winds during the nighttime. During equinox and summer, hmF2 reaches its lowest value at about 0800 LT; then it rises and reaches a daytime maximum near (or just after) noon and drops again in the afternoon. In winter, the variation of daytime hmF2 is not as significant as in other seasons. This variation pattern of hmF2 is very similar to that of the meridional winds (with daytime bimodal behavior). We believe the TIEGCM models well the ion drag term under low solar activity.
[27] Now we turn to the comparisons under high solar activity. The agreement between the TIEGCM NmF2 and hmF2 and the observations are fair in equinox and poor in summer and winter (Figure 8 ). The differences in NmF2 and hmF2 between the model and observations are usually larger at night than during daytime. At night, the model underestimates the electron density NmF2 in summer but overestimates it in winter than the observations. This suggests that the model/data discrepancies in the nighttime meridional winds (Figure 1) , with smaller (larger) model wind magnitudes during winter (summer), are largely due to the differences from the electron density (ion drag).
Further Discussion on Solar Activity Dependence
[28] Hedin et al. [1994] and Liu et al. [2004] reported that the ionsonde winds show a nonlinear dependence on solar activity. Emmert et al. [2003] also reported a nonlinear dependence of nighttime neutral winds on solar activity. However, ionosonde winds are a combination of the meridional neutral winds and the north perpendicular E Â B drifts, and FPI wind observations are restricted to nighttime conditions. So, given the limited amount of ISR wind data, the detailed dependence of meridional winds on solar activity is still unclear observationally. As discussed previously, the TIEGCM winds agree well with the ISR observations over MU, particularly in equinox and winter. Therefore it is suitable to further examine the solar activity variation of the TIEGCM meridional winds.
[ . All other inputs and conditions were identical to those described in section 2. From Figure 9 , it can be clearly seen that at Shigaraki the diurnal amplitude (Figure 9a ) nonlinearly decreases with increasing F 10.7 ; the semidiurnal amplitude (Figure 9c ) also has a significantly negative solar activity trend but the saturation effect is much weaker than that of the diurnal amplitude trend. The mean wind (Figure 9e ) also varies with F 10.7 in a nonlinear manner. Note that the solar activity trend of the mean winds depends on season (see Figure 4) . These results are strikingly consistent with those for ionsonde winds [Liu et al., 2004, Figure 1] at Yamagawa (31.2°N, 130.6°E), which is fairly close to the MU radar. On the other hand, the simulated diurnal phase shown in Figure 9b almost does not vary with solar activity level. For the semidiurnal phase ( Figure 9d ) the time shift is less than 1 hour when the F 10.7 flux changes from 60 Â 10 À22 to 240 Â 10 À22 W m À2 Hz
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. There are significant differences in the solar activity trend of the diurnal phase between our modeled (or ISR) winds and the ionosonde winds . Two possible explanations are (1) the ionosonde winds are derived at the F2 layer peak height, hmF2; and (2) the ionsonde winds include the contribution from south/ north perpendicular E Â B drifts. Kawamura et al. [2000] have investigated the effects of E Â B drifts on the hmF2 winds. They found that the phase of the hmF2 winds agreed very well with that of the radar winds only when E Â B drifts estimated from IS observations were used to correct the hmF2 winds [see Kawamura et al., 2000, Figure 6 ]. Therefore it may be problematic to analyze the phase on the basis of ionosonde winds without these two considerations. The diurnal mean electron density Ne at 300 km is shown in Figure 9f . Apparently, the diurnal mean Ne at 300 km increases with solar activity and then saturates for very high F 10.7 , and so does the ion drag (not shown), as expected. This can explain well the decreasing trend of the diurnal and semidiurnal amplitudes and also the nonlinear dependence of the diurnal amplitude with increasing solar activity.
[30] Many studies [e.g., Balan et al. 1993 Balan et al. , 1994 Balan et al. [1993 Balan et al. [ , 1994 suggested that the nonlinear variations of ionospheric characteristics are caused by the nonlinear relationships with F 10.7 of the solar EUV fluxes, whereas Richards [2001] and Liu et al. [2006] found that the solar cycle variation of ionosphere can not be explained solely by the solar flux variations. In the TIEGCM, the linear relationship between the solar EUV flux and the F 10.7 index are used [Solomon and Qian, 2005] . However, the TIEGCM model still predicts the nonlinear dependence of the meridional winds and electron density with increasing solar activity (Figure 9 ). It suggests that the responses of the thermosphere and ionosphere to solar activity are rather complicated. Additional investigation would be required to explore this.
Conclusions
[31] In this paper simulation results from the NCAR TIEGCM are compared with the meridional winds observed by the MU radar during the period 1986-1996. The main conclusions follow:
[32] 1. The model meridional winds are in excellent agreement with the observations; their differences are generally less than 20 m/s except for the summer nighttime at high solar activity. The model/data discrepancies are largely attributed to their discrepancies in electron density and hence ion drag.
[33] 2. Harmonic analysis was carried out to extract the mean winds, diurnal, semidiurnal, and terdiurnal components of the observed and model meridional winds. The observations show that the diurnal mean winds are more southward in summer and more northward in winter, which is consistent with the expected summer-winter circulation [Roble et al., 1977] . The model tidal waves are also in good agreement with the observed values except for the summer diurnal amplitude at high solar activity.
[34] 3. The diurnal and semidiurnal amplitudes of the observed and modeled meridional winds show a significantly negative solar activity correlation. The simulation is also consistent with the previous results [e.g., Hedin et al., 1994; Liu et al., 2004] . The solar activity variations of the meridional winds are largely explained by the faster increase of ion drag than other momentum forces with solar activity.
[35] 4. Simulations further indicate that the diurnal amplitude and mean winds exhibit a nonlinear dependence on solar activity because the electron density saturates at high solar activity levels. Furthermore, it is shown that both the observed and predicted diurnal phases almost do not vary with solar activity. 
